Steady state dynamics of clustering, long range order, and inelastic collapse are experimentally observed in vertically shaken granular monolayers. At large vibration amplitudes, particle correlations show only short range order like equilibrium 2D hard sphere gases. Lowering the amplitude "cools" the system, resulting in a dramatic increase in correlations leading to either clustering or an ordered state. Further cooling forms a collapse: a condensate of motionless balls co-existing with a less dense gas. Measured velocity distributions are non-Gaussian, showing nearly exponential tails.
Granular systems exhibit static and dynamic disorder [1] , and therefore invite a statistical description. The results of equilibrium statistical mechanics are not directly applicable to excited granular systems, however, due to the large dissipation during collisions. In particular, the phenomena of clustering and collapse in a freely cooling, initially homogeneous granular medium are examples of nonuniform energy distributions arising from instabilities in the collective motion as energy is lost through interparticle collisions [2] [3] [4] [5] . The instabilities lead to clusters, regions of high particle density that result in localized increases in the dissipation rate. The continued dissipation of energy in the freely cooling case eventually leads to inelastic collapse, where two or more particles lose all motion relative to one another [3] . By contrast, in an equilibrium elastic hard disk system for fixed density, particle correlations do not increase as the temperature is decreased [6] .
Freely cooling granular media have extremely short lifetimes due to the high dissipation in particle-particle collisions, making it very difficult to perform experiments that yield enough quantitative information to relate the macroscopic behavior of the system to the statistical characteristics of individual particles [7] . Recent work has extended the theoretical analysis to driven systems [8] [9] [10] [11] [12] . The driven granular medium reaches a steady state where the energy lost through collisions is equal to the amount added externally. By decreasing the amount of energy added by driving, the system may be slowly cooled, maintaining the dynamics near the steady state. In this letter, we describe measurements of a large number (8,000 -14,500) of spherical particles on a smooth horizontal plate that is shaking vertically.
Unlike recent investigations of thin vertical granular layers [13, 14] and a thin horizontal layer driven from one side [15] , there are no large scale density gradients in this system, allowing for very precise measurements of the steady state statistical properties.
The particles used in this experiment are uniform 1 mm stainless steel balls [16] that constitute less than one layer coverage on an 8" diameter circular aluminum plate that is shaken vertically. As long as the shaking amplitude is not too large, the particles cannot hop over one another and the motion is effectively 2D; the energy imparted to the vertical component of the velocity by the plate is converted into horizontal motion through the 2 particle-particle collisions. For a sinusoidal vertical displacement in the shaking plate, z(t) = Asin(ωt), the dimensionless acceleration of the plate may be defined as Γ ≡ Aω 2 /g, where g is the acceleration due to gravity. The acceleration is measured with an accelerometer and is uniform across the plate to within 0.2%. Because the system is nearly 2D, cameras placed above the plate can capture the horizontal dynamics of any particle in the system. A high resolution camera is employed to obtain the spatial correlations in the monolayer [17] and a high speed camera is used to measure particle velocities between collisions [18].
The motion is begun by shaking the plate at an acceleration where all of the particles are in motion in the gas-like phase, typically Γ = 1.25. The gas is characterized by an apparently random distribution of particle positions and velocities. Figure 1 Figure 1 (c) is an instantanous image of the granular monolayer when the acceleration is decreased to Γ = 0.80. To the eye, there is no significant difference from Fig. 1(a) , however in the time-averaged image, Fig. 1(d) , bright peaks are clearly evident, corresponding to low-velocity particles that have remained relatively close to each other over the 1 s interval. These clusters typically extend two to three ball diameters.
As the amplitude of the driving voltage is further decreased to Γ = 0.76, the typical cluster size increases to 12-15 particles. Within a few minutes at this acceleration, one of these large clusters will become a nucleation point for a collapse [20]: a condensate of particles that come to rest on the plate while in contact with one another. Over a time period of a few more minutes, the collapse reaches its steady state size of a considerable fraction, but not the total number, of particles in the monolayer. The particles not in the condensate continue in motion as a less dense gas. Figure 1 (e) is an instantaneous image of part of a typical collapse. The collapse typically forms an "island" completely surrounded by a co-existing gas phase. The particles in the close-packed lattice remain in contact with each other and the plate. Similar crystalline structure has been observed in a multilayered system under horizontal shaking [21] and similar phase separation has been seen in a numerical simulation [8] . The time-averaged image in Fig. 1(f and a drive frequency of 90 Hz. The hexagonal lattice is apparent in Fig. 1(g) , although there is considerable positional disorder and one vacancy. That disorder is almost completely absent in the time-averaged image, Fig. 1(h) , demonstrating that the particles fluctuate about sites on a regular lattice. The motion is visually similar to that seen in colloids [22] .
Experiments are underway to compare the motion in the ordered phase to that observed in equilibrium 2D systems. Further cooling leads again to a collapse, but the collapse grows very large, leaving a much less dense co-existing gas that returns to a disordered phase. The nature of the correlations in the gas phase are more subtle than in the collapsed or ordered phases but can be quantified. Particle positions, determined from high resolution pictures [17] , are used to calculate the particle-particle correlation function, G(r):
where ρ is the particle density. In a hard sphere equilibrium gas, G(r) shows no significant correlations beyond one particle diameter. The correlations are due only to geometric factors of excluded volume and are independent of temperature [6] .
The solid line in Fig. 3 demonstrates that the structure in the correlation function of the gas-like phase is dominated by excluded volume effects. As the granular medium is cooled, the correlations grow significantly. This is evident from the data for an acceleration of Γ = 0.774 (0.5% above the acceleration where collapse forms), shown as filled diamonds in Fig. 3 . The increased correlations indicate that there are non-uniform density distributions in the medium: regions of high density that, due to the closed nature of the system, imply regions of low density.
A crucial ingredient of a statistical approach to describing the dynamics in a granular system is the velocity distribution, which may show non-equilibrium effects as does the correlation function. With the use of a high speed camera [18], the particle velocities can be 5 determined between collisions. Extensive measurement of the velocity distributions in the plane of the granular gas demonstrate non-Gaussian behavior. As no asymmetry is observed, the distributions contain both v x and v y data. The second moment of the distribution varied from 3.8 cm/s in the gas phase (ρ = 0.463) to 1.5 cm/s in the ordered phase at high density (ρ = 0.839). The straight tails in Fig. 4(b) suggest an exponential velocity distribution. This result is robust: data acquired for sine, sawtooth, and square acceleration waveforms all demonstrate velocity distributions that scale onto one curve. This indicates that the horizontal dynamics are dominated by particle-particle collisions rather than particle-plate interactions. [17] A Pulnix-1040, 1008x1018 pixel, 30 fps camera. Particle positions can be determined to within 0.2 pixels.
[18] A Dalsa-CAD1, 128x128 pixel, 838 fps camera. Particle positions are analyzed three images at a time, using a momentum criterion ∆ P < δ to eliminate the particle collisions.
[19] Visit www.physics.georgetown.edu/∼granular to view the actual dynamics.
[20] The collapse appeared at different locations in the center half of the cell each time the experiment was performed, but tended to form closer to the center of the cell than at the walls, presumably due to residual nonuniformity in the vibration amplitude. 
